Beam loading of RF cavities is a subject of great concern for the design and operation of high current circular accelerators and storage rings. Obviously |i.1 is minimum when I and ig are in phase: this is the best operating point for the power generator; there is usually a servo-tuning system designed to maintain this condition and to minimize the required RF power. In other words the tune of the cavity (at fRF) is controlled by a feedback system which keeps V and i in phase ; as a result all the generator power (active power) is entirely converted into beam acceleration and cavity losses. However, in some cases the cavity tuning range is not large enough to provide the reactive power needed to compensate the steady beam loading. There, the RF generator must work on a non resistive load and deliver reactive power.
concern for the design and operation of high current circular accelerators and storage rings. The steady state and transient perturbations of the accelerating voltage by the beam current lead to undesirable beam behaviour, like for instance the onset of instabilities or particle loss by lack of longitudinal acceptance. To some extent, it is possible to alleviate or even completely suppress these effects by a proper control of the RF power amplifier -cavity combination, using feedback or feedforward techniques. Several new developments in this field have taken place during the past years. For instance, the implementation of fast feedback technology, the use of cavity compensation schemes or digital filtering of signals in long delay feedback systems have resulted in considerably improved machine performance. Such techniiques will be reviewed in this paper and their performance and limitations will be presented. 1 .
The equivalent circuit
It is customary to analyse the problem of beam loading on RF cavities with the equivalent circuit of in the vicinity of the main resonance, seen from the accelerating gap. By a proper transformation from the RF generator to the gap, the power tube can be described by the current source i , the generator impedance being included into tle RLC [51 The vector it follows the dotted linle of Fig.2 when the tune (jB) of the cavity is varied (R = constant). The quantity i is determined by the cavity through the relation i it -ib
Obviously |i.1 is minimum when I and ig are in phase: this is the best operating point for the power generator; there is usually a servo-tuning system designed to maintain this condition and to minimize the required RF power. In other words the tune of the cavity (at fRF) is controlled by a feedback system which keeps V and i in phase ; as a result all the generator power (active power) is entirely converted into beam acceleration and cavity losses. However, in some cases the cavity tuning range is not large enough to provide the reactive power needed to compensate the steady beam loading. There, the RF generator must work on a non resistive load and deliver reactive power.
We have described here an equilibrium situation and must now examine the stability of the system. Consider for instance the transient regime of the cavity when ib chan es rapidly, like at injection of In the simple case of no acceleration, the amplitude of the peak current ig' which must be delivered by the RF power tube during the transient phase of the tuner, is given by:
I ig'12 = I ig12 + I ib12 (3) This extra current must be delivered in a non matched load, in this simplified example. With a circulator inserted between the RF amplifier and the cavity (Fig. 4) Remember nevertheless that this is the worst case situation, and in certain cases, it is possible to minimize the required peak power (or peak current). In particular, by pretuning the cavity before injection, one can make the two powers, before and after injection, equal and obtain in this case
With superconducting cavities, (usually without variable tuners) the peak power can even be reduced to lvi libl/8 [9] [10]
One can also reduce the transient on ib with multiple injections of smaller currents, or by adjusting the bunching factor of the injected beam.
In the above analysis, we assumed the filling time of the cavity to be long compared to the revolution period T. = 1/fo (but small with respect to TS): all bunches were submitted to the same RF voltage. If this is not the case (Q < h ; Q: quality factor of the cavity, h: harmonic number) unequal filling of the ring will give a modulation of V at fo and its multiples. The same analysis applies here : at each "batch" passage transient beam loading must be corrected to make all bunches see the same RF voltage. This effect is particularly important in large machines, not only at injection, but also at transition (11] 1121. As previously, condition (4) is valid in the worst case situation, ib being now the batch current. The thresholds of the coupled bunch instabilities which can be induced by the cavity itself are not simply increased by that factor. As the phase of the residual impedance changes sign at n fo, the complex synchrotron frequency shift curve is rotated in the dispersion diagram [19] .
c) RF feedback around the power amplifier
We can consider the cavity itself as a beam pick--up tuned at fRF and obtain the -ib signal from the gap.
This leads to the configuration of Fig. 6 , in which one obviously recognizes a feedback loop built around the RF power amplifier [20] . The feedback loop automatically generates the correct compensating signal, which is another way of saying that it keeps the controlled parameter V constant. One can consider RF feedback as a means to reduce the output impedance of the RE amplifier. A well known design is the cathode follower [21] with its low output impedance which shunts the cavity. Stability of the cathode follower with a reactive load needs careful study.
Even simpler, but of limited efficierncy is to use a triode instead of a tetrode as RF' power tube. The internal plate to grid feedback reduces the output impedance.
In the same direction pulsing the DC current of the RE tube or powering second tube in parallel 122] has been used to reduce the output impedance of the RF amplifier for short periods.
In the case of Fig. 6 , the cavity parameters (pole at. fRF/2Q) and the total delay of the feedback path determine the loop stability. The preamplifiers which are selected for the shortest propagation delay must be located very close to the power amplifier -cavity combination.
As an example [20, 24] ).
In such a conventional feedback system the total phase slip should be less than about t 11/4 over the unity gain bandwidth 2 Au of the system, giving the condition:
where T is the overal l delay in the feedback path. For a fixed tuned cavity and a small detuning angle, the cavity impedance, far from the wo resonance is approximated by Z R/2jQ(&w/wo). To stay at a reasonable distance of the limit, take for instance GoZ _ (1+K)/2. s (12) (13) (14) stabil ity This gives, at frequencies fRF + (n-'h) fo Z'= 2Z, as in the case of feedforward correction, whereas for the revolution frequency harmonics, one obtains:
By making K close to unity, RF feedback approaches the theoretical performance of the feedforward correction, but with all the inherent advantages of closed loop systems (no critical adjustments). Similarly the time response of the RF feedback is entirely determined by the one turn delay, as in the feedforward case (note that the unity gain frequency of the servo is of the order of fo/2). This is confirmed by the observed transient response of the SPS system. (Fig. 7) .
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